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The relationship between the spatial variability of soil elements, weathering and erosion rates can be very com-
plex. Topography, abruptly-changing elevation gradients and slopes of varying geological composition exert an
important influence on weathering trajectories and erosion. This complex interconnectivity is only rarely ad-
dressed in weathering studies.
The main objectives of this investigation are, therefore, to relate weathering and erosion to various and geomor-
phic units in a dry-alpine and threshold landscape having steep slopes (Kan catchment, Tehran Province, Iran). A
number of common weathering indices were tested using a genetic algorithm. The best indices are the (K
+Na)/Ti ratio, theWIP (weathering index according to Parker), and the PI (product index according to Ruxton).
However, the recently suggested 4Si-M+-R2 and M-F-Wmin systems discriminate weathering trends more accu-
rately. Our results show that these soils have a low to moderate weathering stage. Weathering trajectories point
to the active formation of kaolinite and oxyhydroxides. River sediments are slightlymoreweathered and contain
the most-weathered topsoils and suggest erosion in the catchment is predominantly due to topsoil removal.
Chemical weathering is influenced by the dominant geomorphic units (unconsolidated deposits of the Quater-
nary and solid bedrock) and landform features (combination of altitude and slope). Aspect does not appear to
have a significant impact on weathering. Denudation (~erosion) rates were determined using meteoric 10Be
since the fluvial sediments did not contain enough quartz for in situ 10Be analyses. This procedure has higher un-
certainties due to difficulties in estimating the depositional flux of meteoric 10Be. Due to tectonic uplift, the ero-
sion rates are very high. To maintain a soil layer, soil production rates must be also high. Although annual
precipitation is relatively low, slope and soil dynamics seem particularly high, which leads to a fast turnover of
the soil material and maintains the weathering intensity at a rather low to intermediate level.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Soils play an essential role in controlling the biogeochemical
cycle and ecosystem processes (Fitter et al., 2005; Egli et al., 2006;
Bogunović et al., 2017) because of the complex interactions with envi-
ronmental variables and anthropogenic activities (Egli and Poulenard,
2017). Owing to these interactions, the spatial variability of soil proper-
ties is often high and, consequently, chemical weathering and erosion
are tightly linked to different landscapes and their usage (Goovaerts,
1998). The spatial variability of soil constituents, weathering, erosion
etc. is driven by factors (Granger et al., 1996; Riebe et al., 2004; Dixon
et al., 2009; Wang et al., 2009; Graly et al., 2011; Heimsath et al.,
2012; Larsen et al., 2014; Liu et al., 2015; Wang et al., 2016; Tan et al.,
2017; Xiao et al., 2017; Raab et al., 2019) that can be classified into
two major groups: i.e. exterior factors, such as agricultural practices
and land use type and other inherent factors such as theparentmaterial,
climate, soil type and topography.
Chemical weathering is a process in which primaryminerals are dis-
solved or transformed into other minerals. The rate of weathering and
mineral transformation and thus soil formation predominantly depends
on water, a fundamental length (represented by the granulometry)
with respect to water percolation and erosion (Hunt et al., 2015; Egli
et al., 2018). At the landscape scale, these processes may strongly
vary.Weathering intensity can bemeasured and classified using various
chemical indices (Price and Velbel, 2003). Often, mobile and easily
leachable elements are compared to less-mobile components which
should thus indicate the degree of weathering. These indices can be
used to distinguish the variability of river sediments along longitudinal
profiles and to assess soil evolution and fertility. They also may indicate
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the impact of climate on parentmaterial weathering, neotectonic meta-
morphosis, properties of the regolith, and describe the initial dynamics
of chemical processes (Neall, 1977; Fedo et al., 1995; Sharma and
Rajamani, 2000). Many weathering indices examine the decomposition
of unstable minerals. Among them are the Chemical Index of Alteration
(CIA; Nesbitt and Young, 1982), the Chemical Index of Weathering
(CIW; Harnois, 1988), the Plagioclase Index of Alteration (PIA; Fedo
et al., 1995) or the Weathering Index of Parker (WIP; Parker, 1970).
The sum of physical erosion and chemical weathering processes is
defined as denudation (Heimsath et al., 1997; Riebe et al., 2001) that
varies with time (Mariotti et al., 2019). The rate of physical erosion or
denudation (physical erosion is quite frequently approximately total
denudation; see Dixon and von Blanckenburg, 2012) is often deter-
mined by using isotopic methods such as 7Be, 10Be (t1/2 = 1.4 My),
137Cs (t1/2 = 30.2 y), and unsupported
210Pb (210Pbex; t1/2 = 22.3
y) (Walling and He, 1999; Matisoff andWhiting, 2011). Terrestrial Cos-
mogenic Nuclides (TCNs) can be used to estimate average denudation
rates at the catchment scale in river sediments (Brown et al., 1992;
Bierman and Steig, 1996; von Blanckenburg, 2005 and many others).
Therefore, TCN contents of river sediments — mostly cosmogenic iso-
tope Beryllium-10— have been used to estimate denudation rates in di-
verse climatic and geological zones, different temporal scales and
morphological conditions (Norton et al., 2010; Charreau et al., 2011;
Portenga and Bierman, 2011; Bekaddour et al., 2014; Granger and
Schaller, 2014; Grischott, 2016; Grischott et al., 2017; Marshall et al.,
2017; Puchol et al., 2017). In-situ 10Be has been so far the most com-
monly used technique providing large-scale weathering and erosion
data (von Blanckenburg et al., 2012; Wittmann et al., 2016). Much less
often, meteoric 10Be has been used to trace earth surface processes
such as soil movements (Jungers et al., 2009), the evaluation of land-
form age (Pavich et al., 1984) or subducted sediments (Morris et al.,
2002). Moreover, meteoric 10Be has been used as a tracer for erosion
and as a geochronometer (Graly et al., 2011).
Several studies have investigated the relationship between the spa-
tial variability of soil elements, weathering and erosion rates (Hilley
et al., 2010; Dixon and von Blanckenburg, 2012; Dixon et al., 2012;
von Blanckenburg et al., 2012; Song et al., 2019 and others). The com-
plex interconnectivity of spatial variability of weathering (indices)
with topographical features or erosion rates is, however, much less ad-
dressed, but this is needed to better explain soil variability and its sus-
ceptibility to changes.
The Kan creek is an important catchment of the Tehran Province in
central Iran and the main source of water supply for the Lake Chitgar.
This region is known to be tectonically active (tectonic uplift; earth-
quakes) and exhibits abruptly-changing elevation gradients and slopes
of varying geological composition. Therefore, this study has the follow-
ing objectives: 1) evaluation of the relationship between the spatial
variability of soil elements and weathering indices at the hillslope
scale of the Kan catchment and 2) exploration of the relationship
between erosion rates (using 10Be), weathering indices and landscape
characteristics using geological and landform (slope and elevation)
features.
Based on these objectives we aimed at developing a schematic
model that explains the spatial distribution of soil weathering here
and the factors controlling catchment-wide erosion characteristics.
2. Study site and sampling strategy
2.1. Study site
The Kan River catchment has an area of about 215 km2 and is located
in the northern part of the Tehran Province, central Iran (Fig. 1). The
average altitude, annual precipitation and annual temperature of the
catchment are 2377 m, 368 mm and 8.9 °C, respectively (WRI, 2012).
The region is characterised by distinct elevation changes, steep slopes
(with large parts having a slope of 50–100%; Fig. 2) and a high drainage
density. The region is part of the Alborz Zone having the Karaj Forma-
tion as its main geological unit, that contains predominantly
pyroclastic-volcanic and sedimentary rocks. Alluvial sediments cover
limited portions of the catchment, but are particularly distributed in
the south of the catchment. The geological characteristics are a critical
factor that controls the runoff in the catchment and, therefore, of soil
erosion and weathering conditions. The landscape is dominated by
mountains. The lowlands are in the southern part of this region.
Rangelands and bare land cover about 93% of the catchment area
(WRI, 2012). Farmlands and residential areas dominate the remaining
7% of the area.
2.2. Sampling concept
In order to obtain a robust overview of geochemistry andweathering
conditions, soil sampleswere collected from topsoils (0–10 cm, n=79),
subsoils (10–30 cm; n = 41) and from river sediments (n = 23) across
the Kan catchment. Samples were taken from the major geologic and
geomorphic units (Tables 1 and 2) and at different elevations, slopes
and aspects. The sampling of stream sediments at the outlets of each
sub-basin was performed in two ways; with bottles and drapes. The
drape approach has previously been used in Iran to fingerprint sedi-
ments in a region where the collection of suspended sediments was
difficult during high flow periods owing to its inaccessibility and re-
moteness (Nosrati et al., 2018). In addition, a sample of sediment out-
flow (having a weight of c. 5 kg) from each sub-basin was taken to
evaluate the denudation rates.
To account for the dominant landform and geology type of each sub-
basin, the geology and terrain properties were evaluated using digital
elevation model (DEM) and GIS data. In addition, a landform map was
created based on the combination of classified elevation, slope and as-
pect layers of the region using IDRISI Selva software. In addition, also
the TPI (Topographic Position Index;Weiss, 2001) was calculated (Sup-
plementary Table 2). The results of this evaluation are given in Table 1
and Fig. 2.
3. Material and methods
3.1. Chemical analyses
All bulk sampleswere sieved to b2mm(fine earth) after drying in an
oven at 40 °C for 48 h. The determination of the loss on ignition (LOI; or-
ganic matter and adsorbed water) was performed by igniting 2 g of
oven-dried fine earth at 550 °C for 16 h.
The analysis of the total elemental content in the fine earth fraction
was performed using X-ray fluorescence (XRF). This analysis included
major and minor compounds and the Rare Earth Elements (REE) La,
Ce, Pr, Nd and Sm. About 5 g soil material was milled to b60 μm and
analysed as loose powder in sample cups using an energy dispersive
X-ray fluorescence spectrometer (SPECTRO X-LAB 2000, SPECTRO Ana-
lytical Instruments, Germany). The carbonate content was determined
using a Thermo Fisher Scientific GasBench II connected to a Delta V
Plus isotope ratio mass spectrometer (EA-IRMS). Aliquots of samples
and standards containing 20–100 μg carbonate C were weighed into
EXETAINER® vials, closed and automatically flushed with He for
10 min. 25–50 μl phosphoric acid was then added manually using a sy-
ringe (see Egli et al., 2019). Samplesweremeasured at least 60min after
acid addition, which was sufficient to release all carbon from the cal-
cium carbonate, aragonite and dolomite (Breitenbach and Bernasconi,
2011).
To obtain a qualitative overview of samples' mineralogy, DRIFT
(Diffuse Reflection Infrared Fourier Transform; Bruker, Tensor 27)
measurements of fine earth were performed from 250 to 4000 cm−1.
Finely-ground soil material was mixed with KBr (30 mg and 270 mg
respectively) and homogenised using a fine ball-mill (Zr) at 10 rpm
for 30 s. Prior to measurement, the samples were dried in an oven at
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70 °C for 2 h. The individual spectra were interpreted using OPUS 6
software.
3.2. Chemical weathering indices
3.2.1. Characterisation of chemical weathering using M+- 4Si-R2+ system
To understand the dominant chemical weathering characteristics
here, we used the M+- 4Si-R2+ system (Meunier et al., 2013). These
authors suggest that any index aiming to measure the weathering
intensity cannot be based only on the decreasing amounts of alkali-
alkaline earth and divalent metallic components; it must also account
for the progressive concentration of trivalent chemical components
(R3+). Since the M+- 4Si-R2+ system does not include R3+ it must be
completed by the inclusion of the weathering intensity scale (WIS):
WIS ¼ R
3þ
Mþ þ R2þ þ R3þ
  ð1Þ
with R3+=Al3++Fe3+; R2+=Mg2++Fe2++Mn2+ andM+=Na+
+K++2Ca2+ (Meunier et al., 2013; Fang et al., 2019). TheM+, 4Si and
R2+ amounts are normalised to 100% and subsequently plotted in a ter-
nary diagram (see Fig. 5). These values subsequently were used to cal-
culate the Weathering Intensity Scale (Δ4Si) where:
∆4Si ¼ 4Sisoil−4SiUCCð Þ  100½ 
100−4SiUCCð Þ
 100 ð2Þ
4SiUCC denotes the value of the upper continental crust (39.8%;
according to Condie, 1993 and Meunier et al., 2013). The 4Si amount
corresponds to the number of Si4+ cations divided by 4 to refer to the
general formula unit of phyllosilicates. A higher ∆4Si denotes a higher
degree of chemical weathering (see Fig. 6). The maximum degree is
reached when the parent rock is completely transformed into kaolinite
(∆4Si = 100; Fang et al., 2019).
3.2.2. Wmin index
The weathering index Wmin was used to determine the degree of
weathering of the soils and fluvial sediments combined with the parent
rock characteristics from which the soils are developed (Le Blond et al.,
2015). The Wmin index is a good indicator of bulk geochemical alter-
ations that occur during weathering (Ohta and Arai, 2007; Szilas and
Garde, 2013; Le Blond et al., 2015). In this study, the Wmin index was
evaluated by using a multivariate analysis of major components in
order to estimate the extent of weathering and to characterise the
chemical proprieties of the parent rock from which the soils were
formed. For this propose, the weight percentage of the eight important
oxides (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, and K2O)were consid-
ered to calculate theWmin index according to Ohta and Arai (2007) and
Le Blond et al. (2015). The LOI results were omitted from our database
and the remaining variables were normalised to 100 wt% in order to
maintain consistency (Ohta and Arai, 2007).
Step 1: The geochemical data were converted into a Euclidean real
sample space based on the centred log-ratio transformation (clr-
transformation; Eqs. (3) and (4))
clr xð Þ ¼ ln xi=g xð Þð Þ i ¼ 1;2;…;n ð3Þ
Fig. 1. Geographic location of the study area (Kan catchment), sub-catchments and sampling locations (UTM coordinates).
3F. Derakhshan-Babaei et al. / Geomorphology 363 (2020) 107235
g xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SiO2  TiO2  Al2O3  Fe2O3 MgO CaO Na2O K2O8
p
ð4Þ
Step 2: The principal component analysis (PCA) analysis was used to
extract two main components (PC1 and PC2) from the results of the
clr-transformation.
Step 3: The PCA results were converted to a two-dimensional sim-
plex sample space (see Fig. 7) by the inverse of the isometric log-
ratio transformation (ilr-transformation) in order to create a ternary





































¼ M; F;Wð Þ ð6Þ
The ternary diagram (see Figs. 8–9) is used to describe a weathering
trend as a “compositional linear trend” based on three vertices,M, F and
Wmin indicating the mafic source (correlated to components such as
TiO2, MgO, Fe2O3), felsic source (SiO2, K2O, Na2O) and weathered mate-
rial, respectively. In other words, the M, F and Wmin vertices illustrate
mafic parent rock, felsic parent rock and the degree of weathering of
these rocks or soils. The ternary plots were prepared using the
SigmaPlot software.
3.3. Denudation rate determination using cosmogenic 10Be
Determination of in-situ 10Be was not possible due to the fact that
the river sediments of the Kan catchment contained a too-low quartz
Fig. 2. Classified dominant topographic features of the Kan catchment: (a) elevation, (b) slope, (c) aspect (P = plain, N = north-facing, E = east-facing, S = south-facing, W = west-
facing), (d) landform class (cf. Table 1 for details), (e) geomorphic unit (G1 = 1 Quaternary deposits; G2 = solid bedrock) and (f) geology (cf. Table 2 for details).
Table 1
Description of the dominant classes for landform and geology of the study area.
Criteria/class Dominant feature
Elevation (m) Slope (%) Aspect
Landform:
L1 1300–1800 0–15 S
L2 1800–2200 50–100 N
L3 2200–2800 50–100 E
L4 2200–2800 50–100 S
L5 2200–2800 50–100 W
Criteria/class Dominant feature
Characteristics Dominant rock type (Table 2)
Geomorphology:
G1 Quaternary deposits C
G2 Bedrock D
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content (a sand that provided quartz grainswithØ N 0.1mm).. As a con-
sequence, we followed the principles of Padilla et al. (2018) and used
meteoric 10Be to derive total denudation rates of the main and (sub)





where Q is the meteoric 10Be flux on a specific surface (at m−2 yr−1),
NSurf is the
10Be content of this surface (at t−1) and ρ thedensity (tm−3).
Themost critical parameter in Eq. (7) is the estimation of 10BefluxQ.
In this study, we used three different approaches to estimateQ and con-
sequently we present three versions of denudation rates (Table 3). The
first two versions rely on model data from Field et al. (2006), Heikkilä
(2007) and Willenbring and von Blanckenburg (2010). The third ver-
sion was based on an empirical approach presented by Graly et al.



















Meteoric 10Be was extracted from the river sediments using a
modified method from Horiuchi et al. (1999) and Egli et al. (2010). A
sample of 2 g of the river sediment (b2 mm fraction) was milled to
fine powder and ignited at 550 °C for 3 h to remove organic matter.
Thereafter, 1 mg of 9Be carrier in the form of Be(NO3)2 and 8 ml of
16% HCl were added to the sample and leached overnight in a shaker.
After centrifugation, the liquid containing BeCl was collected. The solid
part of the sample was leached overnight a second time in 5 ml of 16%
HCl to ensure full extraction of 10Be. The leachates were combined and
the pH of the solution was increased to 2 using a NaOH solution. 1 ml
of a 10% EDTA solution was added to the sample to prevent formation
of metal complexes such as Fe and Mn and the pH of the sample
increased to 8 to precipitate the gel containing Be(OH)2 and Al(OH)3.
At pH 14, Be(OH)2 and Al(OH)3 re-dissolved in the solution and was
separated from Fe(OH)3 gel by centrifugation. Thereafter, 1 ml of
EDTA was added to the sample at pH 2, and the gel containing Be(OH)
2 and Al(OH)3 was precipitated at pH 8 using NH4OH and centrifuged.
The hydroxides were dissolved in 20 ml of 0.4 M oxalic acid and Be
was separated from Al using the cation exchange resin Bio-Rad AG50-
X8. After reduction of the sample volume, Be(OH)2 was precipitated
using NH4OH. The resulting Be(OH)2 gel was dried and calcinated for
2 h at 850 °C in the oven to obtain BeO. Finally, the BeO was mixed
with Nb powder and pressed into a sample holder for accelerator
mass spectrometry (AMS).
The 10Be/9Be ratios were measured at the ETH Zurich AMS system
Tandy (Christl et al., 2013) and normalised to the ETH Zurich in-house
AMS standard S2007N (10Be/Be = 28.1 × 10−12 nominal), which has
been calibrated relative to ICN 01-5-1 (10Be/9Be= 2.709 × 10−11 nom-
inal) (Nishiizumi et al., 2007) — both associated with a 10Be half-life of
1.387 ± 0.012 My (Chmeleff et al., 2010; Korschinek et al., 2010). The
measured and standard normalised 10Be/9Be ratios were blank
corrected using full processed blanks (Table 7).
3.4. Spatial variability and landscape analyses
The spatial variability of soil elements, oxides and weathering
indices (Table 4) was compared to topographic features derived from
the digital elevation model (DEM) of the study area using the SAGA
software. In addition, four zones were extracted based on topographical
features using the hierarchical clustering (dendrogram) method of the
SPSS software. With a hierarchical clustering, data grouping is per-
formed based on the similarity of topographic features of the samples.
Each node in the hierarchical tree represents a group having similar
topographic features. The considered number of soil elements, oxides
and weathering indices were 39, 8 and 26, respectively. The genetic
algorithm (GA) in MATLAB was used to specify the best weathering in-
dices (Table 4) in relation to the spatial variability of soil elements and
oxides in each zone. One-way ANOVA analysis was used to evaluate
the differences between the best indices (via GA) in the topographic
zones. The relationship between determined weathering indices and
elements was then evaluated using a correlation test (Pearson, SPSS
software).
3.5. Statistics
Chemical data and weathering indices were compared with each
other as a function of the geology and landscape type. Datasets
were first checked for normal distribution by a Shapiro-Wilk test
(SigmaPlot 11.0, Systat Software Inc.; Jann, 2005). To perform multi-
ple comparison tests for non-parametric data, a one-way ANOVA
(Kruskal-Wallis test) was applied using SigmaPlot 11.0 (Systat Soft-
ware Inc.; Jann, 2005).
4. Results
4.1. Main geochemistry, mineralogy and weathering trends of the sites
All topsoil, subsoil and river sediment samples are characterised
by an intermediate (from mafic to intermediate-felsic) chemical
Table 2
Description of the geological units of the Kan catchment.
Geology
class












Massive green tuff, shale with dacitic and
andesitic - basaltic lava flows, green crystal,
lithic and ash tuff, tuff breccia, and partly with
intercalation of limestone.
Microdiorite-microgabbro



















mm yr−1 mm yr−1 mm yr−1
Sulagan 0.353 0.151 0.156
Keshar 0.620 0.265 0.275
Heriyas 0.174 0.074 0.077
Rendan 0.388 0.166 0.172
Taloon 0.058 0.025 0.026
Davood 0.063 0.027 0.028
Q1: 10Be depositional flux according to Heikkilä (2007) and Field et al. (2006): 1.17
× 1010 atm m−2 yr−1.
Q2: 10Be depositional flux according to Willenbring and von Blanckenburg (2010): 0.5
× 1010 atm m−2 yr−1.
Q3: 10Be depositional flux according to Graly et al. (2011): 0.519 × 1010 atm m−2 yr−1.
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composition with an average SiO2 content of about 54 weight-%
(Table 5; LOI included). The variability among the different types of
samples (topsoil, subsoil, river sediments) is relatively small. The sam-
ples are characterised by a relatively high Al2O3 and Fe2O3 content and
some CaCO3. A relatively high organic matter content (LOI) was
detected not only in the soil samples but also in the river sediments. Al-
though the geology seems to be relatively diverse in the Kan catchment,
it is apparent that the chemical composition among all samples varies
little (Table 5), and the differences in chemical composition between
the different geological substrates are not significant. Minor differences,
but significant, could be found for P2O5 and LOI. Substrate A seems to
differ slightly from the others by showing higher contents (Fig. 3).
All samples showed similar levels of trace-element enrichment
reflected in their spidergrams (Fig. 3) and are up to 200 times more
enriched (Fig. 3c) than in the primitive mantle (Sun and McDonough,
1989). This enrichment is particularly pronounced for Rb, Th, U and
Pr. The samples are characterised by low levels of Nb and Ti (Fig. 3),
but the ratios are still N1. All samples show the same pattern, with sim-
ilar ranges, indicating a similar provenance of the material. The topsoil
samples, however, have in general a significantly lower Sm ratio than
the subsoil and river sediments.
The DRIFT analysis enabled the detection of a wide range of min-
erals: also, these results confirmed the intermediate composition
(with mafic to felsic components) of the soils and river sediments.
Besides mafic minerals such as chlorite, felsic minerals (e.g. quartz)
also were detected (quartz doublet at 780 and 800 cm−1 in the IR spec-
tra). In most soils, Kaolinite or halloysite (peaks at 3620 cm−1 and
3694 cm−1 in the IR spectra), gibbsite (at 3525 cm−1), chlorite (at
3581 cm−1), maybe serpentinite (at 3682 cm−1) together with
weathering products such as sepiolite, palygorskite (at 3280 cm−1)
and calcite could be detected (Fig. 4).
The analysis of the weathering pattern using the M+-4Si-R2+ ter-
nary plot (Fig. 5) indicates a trend towards 4Si (Meunier et al., 2013).
This process is accompanied by a relative enrichment of Si, a leaching
of M+ and partially of R2+. This finally will lead to a conversion to the
4Si pole, namely kaolinite that is the ultimate silicate weathering prod-
uct. Kaolinite is the unique stable phyllosilicate species in extreme
hydrolytic weathering environments and is the dominant secondary
mineral phase in highly-weathered soils (Dixon and Weed, 1989;
Meunier et al., 2013).
The reaction progression towards the kaolinite pole (Fig. 6) is mea-
sured by the difference between the compositions of unweathered
and weathered samples along the chemical trend corresponding to
the rock source. The ∆4Si value can be calculated either by comparing
it to unweathered rock of the investigation area, or in absence of such
data to the UCC (Eq. (2); Fig. 6). The measured trend is typical for
(ultra)mafic rocks. The maximum stage of alteration would be reached
when the parent rock is transformed into kaolinite (∆4Si % = 100%).
This would be typically the case for laterites that are predominantly
composed of kaolinite and oxyhydroxides. In our case the differences
between top- and subsoils seem small—with a slight tendency towards
a lowerweathering degree in the subsoils (Table 5). The river sediments
reflect the overall composition of the soils.
4.2. PCA analysis
The PCA results obtained from the clr-transformed data are
presented in Table 6 and Fig. 7. The first principal component (PC1) is
positively correlated with seven of the clr-transformed components
(SiO2, TiO2, Al2O3, Fe2O3, Na2O, K2O and MgO), but exhibits a strong
negative correlation with CaO. The second principal component (PC2)
has a positive correlation only with Fe2O3, MgO, Al2O3, and TiO2, and a
negative correlation with K2O and CaO, SiO2, and Na2O. PC1 and PC2
captured 33.67% and 29.14% of the total variability, respectively. Collec-
tively, 62.81% of the total variability is explained by these two compo-
nents. There is a slightly positive relationship between most river
sediments samples with PC1 and a negative correlation with PC2. The
surface and subsurface samples overlap and cover a wide field in the
PC1-PC2 matrix.
Table 4




WIP [2Na2O/0.35 + MgO/0.9 + 2K2O/0.25 +
CaO/0.7] × 100
Parker (1970)
CPA [Al2O3/(Al2O3 + Na2O)] × 100 Buggle et al.
(2011); Cullers
(2000)
PI [(SiO2/(SiO2 + TiO2 + Fe2O3 + Al2O3)] × 100 Ruxton (1968)
SF SiO2/Fe2O3 Jenny (1941)
SA SiO2/Al2O3 Ruxton (1968)
SOC Al2O3 + Fe2O3 Irfan (1996)
ALK [K2O/(K2O + Na2O)] × 100 Harnois and Moore
(1988)
LC SiO2/(K2O + Na2O + CaO + MgO) Ng et al. (2001)
CIA [Al2O3/(Al2O3 + CaO + Na2O + K2O)] × 100 Nesbitt and Young
(1982)
Si-Ni [SiO2/Al2O3)/((SiO2/TiO2) + (SiO2/Al2O3) +
(Al2O3 + TiO2)]
Kr SiO2/(Al2O3 + Fe2O3) Moignien (1966)
AKN Al2O3/(K2O + Na2O) Harnois and Moore
(1988)
ACN Al2O3/(Al2O3 + K2O + Na2O) Harnois and Moore
(1988)
MWPI ((K2O + Na2O + CaO + MgO)/(SiO2 + Al2O3
+ Fe2O3 + K2O + Na2O + CaO + MgO)) ×
100
Vogel (1975)
IR CIA/WIP Garzanti et al.,
2014
R SiO2/Al2O3 Ruxton (1968)
VR (Al2O3 + K2O)/(MgO + CaO + Na2O) Vogt (1927)
CIW [Al2O3/(Al2O3 + CaO + Na2O] × 100 Harnois (1988)
PIA [Al2O3-K2O)/(Al2O3 + CaO + Na2O-K2O] ×
100
Fedo et al. (1995)




LOI Suoeka et al.
(1985)
(Na + K)/Ti Egli et al. (2019)
Fe/Ti Maher and Taylor,
1988
(Fe + Al)/Zr –
Al2O3/Fe2O3 Jenny (1941)
Al2O3/SiO2 Xie et al. (2012)
Table 5
Average chemical composition (and standard deviation) of the investigated samples to-
gether with ∆4Si and R3+/(R3+ + R2+ + M+).
Component Topsoil Subsoil River sediments
Average SD Average SD Average SD
(w.-%) (w.-%) (w.-%) (w.-%) (w.-%) (w.-%)
Na2O 1.81 0.29 1.74 0.30 2.28 0.27
MgO 3.13 0.53 3.11 0.73 2.65 0.18
Al2O3 12.90 1.29 13.17 1.83 12.12 0.70
SiO2 53.61 4.83 53.02 5.78 54.16 2.68
P2O5 0.27 0.16 0.19 0.08 0.24 0.04
K2O 2.57 0.42 2.49 0.58 2.62 0.21
CaO 1.50 0.88 1.66 0.94 1.00 0.23
CaCO3 7.42 3.87 9.51 8.09 8.38 3.35
TiO2 0.70 0.08 0.70 0.09 0.70 0.04
MnO 0.16 0.04 0.17 0.07 0.16 0.05
Fe2O3 5.90 0.80 5.98 0.82 5.38 0.42
ZrO2 0.02 0.00 0.02 0.00 0.02 0.00
LOI 7.10 3.03 5.91 1.79 3.97 0.49
∆4Si 0.542 0.040 0.535 0.043 0.573 0.020
R3+/(R3+ + R2+ + M+) 0.633 0.037 0.633 0.045 0.645 0.014
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4.3. Chemical weathering, landscape and geomorphic features
In the ternary plots (Figs. 5 and 8), the soil samples were grouped
according to the main geomorphic units, geology classes, landforms
and sample characteristics (river sediments, topsoil and subsoils). The
geomorphic units (Fig. 8a) considerably overlap and indicate, with
one exception, the presence of low to moderate weathering conditions.
About 50% of the samples of the dominant geomorphic unit G2 (soils
and sediments derived from solid bedrock) are nearer to the M-factor
and the rest are more centrally located vector (Fig. 8a). The geomorphic
unit G1 (soils and sediments derived from Quaternary deposits) has a
higher proportion towards Wmin, indicating a higher weathering
degree. Fig. 8b shows that most of the samples originate from geology
types B (green tuff, tuff breccia, shale tuffite with intercalations of tuff-
aceous siltstone), C (old and young terraces, alluvium) and A (rhyolitic
tuff, lava flow, microdiorite-microgabbro as sill and dikes) distributed
towards the side of the M-F vertex.
With respect to the landform type (Fig. 8c), many of the samples
being attributed to type L1 are related to the corresponding geomorphic
unit (G1). Samples from landform type L2 aremostly found closer to the
Fig. 3. Box plots for a) P2O5 and b) LOI as a function of the different geology types (see Table 2). The different letters indicate significant differences among the geology types tested with
multiple comparison tests (nonparametric ANOVA, Kruskal-Wallis) with a significance level at P b 0.05. c) Incompatible trace element enrichment of topsoils, subsoil and river sediment
samples in comparison to composition of the primitive mantle (Sun and McDonough, 1989).
Fig. 4. DRIFT spectra for typical samples of the Kan catchment with indication of mineral bands (that potential may occur).
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M-F vertex. All other landform types overlap in the ternary diagram; L4
and L5 have the highest proportion of samples and are closer to Wmin.
Fig. 8d shows thatmost of the river sediment samples tend to plot closer
to the Wmin vertex, indicating a higher weathering degree (Ohta and
Arai, 2007; Szilas and Garde, 2013; Le Blond et al. 2015). Many of the
topsoil samples are at the same position, but many also exhibit a
much lower weathering degree. In general, the subsoil samples plot
less often near the Wmin vertex.
The soil and sediment samples were furthermore grouped based
only on their SiO2 content (LOI omitted and rest re-closed to 100%).
This allowed a classification of the samples (Fig. 9a) into intermedi-
ate (52–63% SiO2), intermediate-felsic (63–69% SiO2) and felsic (N
69% SiO2). According to the main geochemistry, soils and river
sediments have predominantly intermediate to intermediate-felsic
characteristics. Only a few samples are felsic. Again, no specific clus-
ter (Fig. 9a) can be seen. The variability in terms of weathering is
again very high. When plotting these data in a binary graph
(Fig. 9b), then a trend of increasing weathering stages with decreas-
ing felsic properties can be measured (according to the principal
component analysis; as previously mentioned): a lower felsic
proportion indicates more intense weathering.
In the 4Si-M+-R2+ graphs, some clusters can be observed. The main
geomorphic units G1 and G2 slightly differ with G1 beingmore in direc-
tion to the R2+ vertex (Fig. 5a). According to the geology, type A is
slightly different from the others, extending to the R2+ vertex
(Fig. 5b). Furthermore, the samples can be grouped based on the
dominant landform type: L5 and L1 are different, with L1 tending
more to R2+ (Fig. 5c). In general, chemical weathering in the Kan catch-
ment proceeds in the direction to kaolinite and oxyhydroxides, and on
average, the river sediments again seem to be the most weathered
(Fig. 5d).
4.4. Denudation
Due to the low quartz content of the rivers sediments, we were
forced to use meteoric 10Be to determine denudation rates. The corre-
sponding 10Be-contents are shown in Table 7. However, the calculated
denudation rates may be prone to systematic uncertainties because
Fig. 5.Geochemicalweatheringplots using the 4Si-R2+-M+ ternarydiagram(according toMeunier et al., 2013 and Fang et al., 2019) for a) themajor geomorphic units (G1=1Quaternary
deposits; G2= solid bedrock), b) geology types (see Table 2), c) the dominant landforms (see Table 1 for details), d) the provenience of thematerial (subsoil, topsoil and river sediment).
All plots show relative weathering intensities with black arrows denoting the trends for chemical weathering.
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the input value (local 10Be deposition rate) is difficult to estimate. We
therefore used three different versions to estimate the input value
(Table 3). The first version uses a value for that region that is roughly
double that of the other two versions, which are nearly identical. The
denudation rates calculated for the different sub-catchments vary by a
factor of about 10. The Keshar sub-catchment has the highest denuda-
tion rates whereas lower rates were measured for both the Taloon and
Davood sub-catchments. Using the modelled regional depositional
flux of the first version (Field et al., 2006; Heikkilä, 2007), then the
obtained erosion rates are high compared to other published values
(e.g. Schaller et al., 2016), but not impossible (Heimsath et al., 2012).
The relationship between denudation rate (as a function of the
different depositional fluxes) and 8 important topographic features in
each sub-basin was investigated using a correlation analysis (Table 8).
There is no clear correlation of erosion rates with these topographic fea-
tures (p is always N0.05). There is, however, aweak relation to curvature
and elevation.
4.5. Comparison of commonly used weathering indices
Based on the spatial variability of soil elements, a genetic algorithm
was used to determine the best weathering indices in the four topo-
graphic clusters. The (Na + K)/Ti ratio, the WIP, the (Fe + Al)/Zr ratio
and the PI seem to produce the best results. In the next step, wewanted
to know if these weathering indices differ among the 4 topographic
clusters using a one-way ANOVA. We found no significant differences
(Table 9). The results of correlations between the various weathering
indices ((Na + K)/Ti ratio, the WIP, the (Fe + Al)/Zr ratio and the PI)
and a number of soil elements are given in Fig. 10. High correlations
with Ca, K, Na and Al are evidently clear, because these elements are
often part of the weathering index. Some indexes, however, do not
use base cations such as the PI or the (Fe + Al)/Zr ratio. Interestingly,
the PI index shows only a weak to a moderate correlation to Na, Mg
and K. Also the (Fe + Al)/Zr ratio is only correlated to Na and Ca. In
general, Al, K, Fe, Y, Zr, Nb are elements that all correlate relatively
well to all indices.
5. Discussion
5.1. Chemical weathering
Although the Kan catchment is characterised by several geological
units, the geochemical conditions aremoderately comparable. The geol-
ogy type A (consisting of rhyolithic tuff and lava) has a slightly different
composition (with respect to P and LOI; Fig. 3) and has amore acidic, i.e.
felsic, composition.
On average, the weathering pattern of river sediments correlates in
the principal component matrix slightly more to Na2O, SiO2 and K2O
(Fig. 7) whereas the subsoil and topsoil samples correlate more to
TiO2, Al2O3, CaO, Fe2O3 and MgO. Using the M-F-Wmin ternary plots
(Fig. 8), most of the samples indicate low-to-moderate chemical
weathering conditions. The 4Si-M+-R2+ diagrams (Fig. 6, Table 5) also
exhibit a moderate weathering with the fluvial sediments again
exhibiting an average weathering degree that is slightly higher than
the top- and subsoils, although some of the topsoil samples overlap
with the river sediment samples. Based on an ANOVA on ranks
(Kruskal-Wallis) analysis, the river sediments have a higher average
weathering degree (P b 0.001) than the top- and subsoil samples. The
topsoil samples have a slightly higher ∆Si4 value than the subsoil
samples, but this difference is not significant. In terms of soil evolution
and weathering, this pattern would correspond to relatively young
soils or soils having a fast turnover rate and, thus, a low residence
time for soil particles. Under steady-state conditions, it is possible to
define the mean residence time or turnover time of a set of particles
or elements as the mass of particles or elements in the system divided
by the rate of throughput (Brantley et al., 2011). The residence time of
minerals within soils is sensitive to physical denudation rates in
geomorphically dynamic landscapes (Almond et al., 2007; Yoo and
Mudd, 2008; Šamonil et al., 2020).
The results from the fluvial sediments always overlap with those
from the most-weathered topsoil samples. This indicates (see below)
that the eroded material (that was transported into the fluvial
sediments) predominantly derives from the topsoils. In the R3+/(R3+
+ R2+ + M+) vs ∆4Si diagram, the ratios from the topsoil, subsoil
and river sediment samples lie more along the ultramafic rock trend
and are partially close to the theoretically “forbidden” zone for
weathered rock series. This effect points to multi-source sediments
and soils (mixing of fresh rock debris with clays, carbonates or Fe-Al-
oxyhydroxides; Meunier et al., 2013). According to Kostrzewski et al.
(1997), the hydrographic network (tributaries, upstream part, etc.),
floodplains, the channel perimeter (e.g., erosional bottom of the chan-
nel), biogenic elements, and man-made products contribute to dis-
solved and solid particles, and thus sediments, in rivers. The effect of
flood plains and man-made products is negligible (due to the low pop-
ulation density and absence of a floodplain). The chemical signature of
the river sediments indicates that they predominantly derive from
eroded soil material. This is supported by the measured high erosion
rates that seem to be connected to the tectonic uplift (see Section 5.2).
Weathering, mineral transformation and erosion, accumulation and
in general soil redistribution seemsvery active in theKan catchment. Al-
though soil-mixing should occur, the weathering trajectories mostly
trend towards the formation of kaolinite and oxyhydroxide in soils.
Such a trend is often found in Mediterranean soils (Egli et al., 2019)
Fig. 6. Weathering reaction trend towards kaolinite, based on the difference to the
maximum alteration to kaolinite (∆4Si) and ratio to trivalent cations for the topsoil,
subsoil and river sediment samples (according to Meunier et al., 2013 and Fang et al.,
2019).
Table 6











Variance % 33.67 29.14
Cumulative % 33.67 62.81
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and in subtropical/tropical regions (Le Blond et al., 2015). In addition,
phyllosilicates such as palygorskite seem to be present that are typical
weathering products in relatively dry or subarid climates (Singer,
1984; Bakhshandeh et al., 2011; Moazallahi and Farpoor, 2012).
Although the geochemical differences between the different sample
types (topsoil, subsoil, river sediments) are generally small, the signifi-
cantly lower Sm/Nd ratio in the topsoil samples (0.063) compared to
the subsoil samples (0.193) and river sediments (0.138) probably
points to some aeolian input (Viers and Wasserburg, 2004).
Finally, the relationship between weathering indices and geomor-
phic, geological, landform (elevation, slope and aspect) characteristics
in topsoils, subsoils and river sediment was evaluated across the catch-
ment using the M-F-Wmin and 4Si-M
+-R2+ ternary diagrams (Meunier
et al., 2013). In the Kan catchment, weathering conditions are affected
by the dominant geomorphic, geological and landform characteristics.
Samples from unconsolidated Quaternary deposits (G1; having the
main geology types B and particularly C; Fig. 8) seem, on average,
slightly more weathered than soils deriving from bedrock (G2;
consisting predominantly of the Geology type D = Massive green tuff,
shale with dacitic and andesitic-basaltic lava flows and landforms L5
and L4 having high elevation (2200–2800 m), steep slopes (50–100%),
and eastern and western aspects). Hence, these factors determine the
environmental conditions and processes of the region, and particularly
the intensity of soil weathering. Chemical weathering and soil forma-
tion seem more advanced on unconsolidated sediments. Particularly
at the beginning of soil evolution, soil production rates may be reduced
on solid bedrock compared to sedimentary deposits (Egli et al., 2014).
Astonishingly, aspect has little effect (no significant differences) on
chemical weathering as represented by these weathering indices. In al-
pine environments, aspect usually affects weathering processes —with
higher rates at the pole-facing sites — owing to differences in percola-
tion fluxes and humidity (Egli et al., 2018; Pelletier et al., 2018).
The felsic properties of the samples are inversely related to
weathering stage. In general, mafic minerals such as pyroxenes or chlo-
rite weather faster than quartz or orthoclase: a trend that is inversely
proportional to the Bowen series (Bowen, 1927). The commonly-used
weathering indices did not follow these weathering trends very well.
Among the tested weathering indices (Table 4), the (K + Na)/Ti ratio,
the WIP, (Fe + Al)/Zr ratio and the PI indices seem to be slightly more
sensitive to element variability. However, these indices did not indicate
any relationship to the type of geology, geomorphic units, topographic
features (e.g. slope), etc. (Table 9). Several weathering indices have
genetic limitations that may complicate or impede interpretation
(Meunier et al., 2013). This drawback is avoided by using the 4Si-M+-
R2+ or the M-F-Wmin systems, which offer better discriminations of
the weathering trends. By relating the R3+/(R3+ + R2+ + M+) with
∆4Si, two major weathering processes are considered: 1) the relative
enrichment in silica (kaolinisation); 2) the final enrichment in insoluble
components (Al2O3 and Fe2O3).
5.2. Denudation
The denudation rates displayed in Table 3 reflect catchment-wide
processes (Bartley et al., 2015) and thus cannot distinguish physical
soil erosion from denudation as a general degradation process, which
is a combination of soil erosion, shallow landsliding, rock breakdown,
weathering and mass wasting. However, the river sediments consist
predominantly of weathered topsoil material (Figs. 5 and 8). This
indicates that catchment-wide denudation is primarily due to physical
soil erosion or shallow landsliding (Yu et al., 2019). These rates are, as
previouslymentioned, partially very high. Depending on the 10Be depo-
sitional flux (Table 3), the erosion rates reach values of up to 0.265–
0.62mmyr−1. At steep slopes of the SanGabrielMountains (California),
Heimsath et al. (2012)measured soil denudation rates up to 1mmyr−1.
In regions such as the Himalaya, denudation rates are measured in the
range of 0.5–2.4 mm yr−1 (Lupker et al., 2012). In geomorphologically
or tectonically active regions, similarly high erosion or denudation
rates were measured (e.g. 1.9 mm yr−1 in Taiwan; Siame et al., 2011).
These published rates however include all erosional processes and not
only soil erosion.
In terms of geology, large parts of the Kan catchment are composed
of unconsolidated material, siltstone tuff, shale tuff and tuff which are
relatively easily erodible. These features, along with strong elevation
changes and steep slopes, affect the intensity of weathering and erosion
in this region. The Kan catchment can be regarded as a remote part of
the Alpine-Himalayan orogenic belt. Faults and folds of the Tehran
plain have been recognised. Tehran lies at the foot of the Alborz belt,
which is a seismically active region to the south of the Caspian Sea
Fig. 7. Scores of samples as a function of their provenience in the PC1 and PC2 matrix together with the loading of chemical components.
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Fig. 9. a) Ternary diagram with geochemical properties and weathering degree of the soils and river sediments (M = mafic components, F = felsic components, WMin = weathering
degree, see Eqs. (5) and (6)) combined with a general geological characterisation of the samples (based on the SiO2 content: intermediate = 52–63% SiO2, intermediate felsic = 63–
69% SiO2, felsic ≥ 69% SiO2). b) Comparison of the weathering degree with felsic properties (%) of the samples.
Fig. 8. Ternary diagram combining geochemical properties of the soils and river sediments (M=mafic components, F= felsic components) withWMin=weathering degree (see Eqs. (5)
and (6)) related to (a) themain geomorphic units (G1= 1 Quaternary deposits; G2= solid bedrock), (b) main geology type (see Table 2 for details), (c) dominant landform classes (see
Table 1 for details) and (d) provenience of the material (subsoil, topsoil and river sediment).
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(Talebian et al., 2016). The tectonic activity in the Alborz mountain
range is caused both by the northward convergence of central Iran to-
wards Eurasia, and also by the north-westward motion of the South
Caspian Basin with respect to Eurasia (Mousavi et al., 2013). Talebian
et al. (2016) showed that the Tehran region has relatively rapid slip-
and uplift-rates of about 1 mm yr−1. As a result, steep slopes (50–
100%) prevail (Fig. 2) which is typical for threshold landscapes. Such
landscapesmay have both continuous soil erosion and shallow landslid-
ing (Yu et al., 2019). This explains to a great extent the high physical
erosion rates of this region.
Total maximum denudation rates in the Kan catchment are in the
range of 700–1670 t km−2 yr−1. Assuming that the versions with the
Q2 and Q3 10Be depositional flux (Table 3) are most likely, then the av-
erage denudation rates are in the range of 320–330 t km−2 yr−1 (with a
maximumof 720–740 t km−2 yr−1).We did not observe a close relation
between erosion and topographical features, unlike, e.g. Song et al.
(2019); however, a weak relation seems to exist between elevation
and curvature most likely because of the small number of observations.
According to the geochemistry (Figs. 5 and 8) and the chemical resem-
blance of river sediments and soils, denudation ismostly due to physical
soil erosion. We therefore can connect denudation and soils. Soils can
only form if the rate of their production is higher than the rate of denu-
dation. Soil formation (FSoil) can be expressed by.
FSoil ¼ PSoil−DSoil ð9Þ
where PSoil = soil production and DSoil = soil denudation. Progressive
phases occur when soil production is greater than soil denudation,
while regressive phases occur when soil denudation rates are greater
than soil production. Steady state conditions are found when FSoil = 0.
In such a case we have PSoil= DSoil. Denudation (D) consists of chemical
weathering fluxes (WSoil) and physical erosion fluxes (ESoil) with
DSoil ¼ WSoil þ ESoil ð10Þ
Chemical and physical weathering and mineral transformation
contribute to progressive soil formation, whereas strong erosion leads
to regressive development and thereby to surface lowering anddenuda-
tion (Raab et al., 2018). As a consequence, soil production rates are on
average higher than 330 t km−2 yr−1. It even may be — depending on
the calculation procedure — that these rates are as high as
1670 t km−2 yr−1. Such high rates are usually only found for relatively
young to very young soils, where high amounts of easily weatherable
minerals are present (Alewell et al., 2015). Such high values indicate
that chemical weathering is at the threshold of solute transport limited
to kinetically limited rates (Egli et al., 2018). High erosion rates have a
similar effect and cause a constant rejuvenation of the soils: a high
erosion rate usually gives rise to a high chemical weathering rate
(Dixon et al., 2009; Larsen et al., 2014; Mariño et al., 2017). Chemical
weathering rates are proportional to solute velocities in the soil, so
solute transportmainly limits weathering and soil formation.Modelling
and empirical studies (e.g. Ferrier andKirchner, 2008;Hilley et al., 2010;
Dixon and von Blanckenburg, 2012; Dixon et al., 2012) indicate that soil
weathering rates are linearly coupled with denudation rates when lim-
ited by mineral supply, but kinetic limitation begins to control soil
weathering as denudation rates increase and mineral residence times
decrease. During early soil formation (or at very high erosion rates),
chemical weathering becomes more severely limited by reaction kinet-
ics than by solute transport. This might also be the case for the Kan
catchment, although we do not have data to support this assumption.
6. Conclusions
Based on the SiO2 content, the soils originate mostly from an
intermediate to intermediate-felsic parent material. Although the
weathering trajectories all point in the direction of kaolinite and
oxyhydroxides, the weathering stage of the soils and river sediments
is, in general, low to moderate. The geomorphic units are connected to
the landforms (in this case, lower elevations and lower slope vs higher
elevations and steep slopes). The geomorphic units and landforms con-
tribute to the spatial variability of weathering and erosion. Aspect, how-
ever, does not seem to significantly influence the weathering pattern
although other investigations often demonstrate the contrary.
Many weathering indices exist, but not all of them were suitable for
the investigation area. The recently developed Wmin and ∆4Si indices
appear to best discriminate the weathering trends.
Fig. 11 summarises the main processes and relationships among
environmental characteristics in the Kan catchment. Althoughmeteoric
Table 7













KAN-1 0.358 0.013 12.290 0.446 3.6%
KAN-2 0.191 0.012 6.994 0.442 6.3%
KAN-3 0.753 0.033 24.893 1.098 4.4%
KAN-4 0.345 0.015 11.182 0.498 4.5%
KAN-5 2.076 0.075 75.214 2.709 3.6%




a Values corrected for laboratory blank.
b Values without correction for laboratory blank.
Table 8
Correlation between erosion rates and some of topographic features (all P N 0.05).
Profile curvature Elevation Flow line curvature LS-Factor Valley depth Slope TPI Aspect
Q1 −0.352 −0.320 −0.284 −0.260 −0.245 −0.053 −0.027 0.143
Q2 −0.352 −0.318 −0.285 −0.261 −0.246 −0.054 −0.026 0.143
Q3 −0.354 −0.318 −0.283 −0.259 −0.244 −0.052 −0.029 0.144
TPI = topographical position index.
LS = slope length.
Q1–3: 10Be depositional fluxes as defined in Table 3.
Table 9
Results of the one-way ANOVA analysis.
Index Topographic zone Mean SD F P
















WIP: Weathering index according to Parker.
PI: Product index according to Ruxton.
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10Be holds some methodology inherent uncertainty, the denudation
rates are very high in the Kan catchment, independent of the calculation
procedure (depositional flux versions) used to measure them. The high
erosion rates here are due mostly to high tectonic and subsequent geo-
morphic activities. Uplift and erosion rates are high. In addition, the
strong elevation changes and steep slopes also affect the intensity of
erosion, weathering and thus soil formation. At steep slopes, erosion
of soil is mass wasting dominated or susceptible to shallow landsliding.
Due to its dominance of steep slopes (50–100%), the Kan catchment is a
threshold landscape where erosion and shallow landsliding (threshold
slope angle around 30–40°; Yu et al., 2019) simultaneously occur. The
soils exhibit the chemical characteristics of rather young soils, which
is typical for regions with high erosion rates that lead to continuing re-
juvenation of the surface and soils. Chemical weathering rates are high
Fig. 10. Correlation scatter of the (Na + K)/Ti ratio, the WIP (weathering index according to Parker), the (Fe + Al)/Zr ratio and the PI (product index according to Ruxton) with the
elements. Ca was subdivided into total Ca, Ca in silicates and carbonates.
Fig. 11. Schematic process model of weathering, soil production, erosion and relation to geomorphic units (G1, G2; Table 1) and main landforms (L1, L4, L5; Table 1). W = weathering
(element leaching), E = erosion, P = soil production, A = aeolian input, R = soil material turnover, residence time.
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(in a steady-state, they are: 330–1670 t km−2 yr−1) to maintain a con-
stant soil layer. Consequently, the mean residence time of soil particles
is low and the turnover rate of soil material is high.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2020.107235.
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